We study the formation mechanism and microstructure of nickel (Ni) : 61. 46. Bc, 61. 46. Df, 68. 37. Ps Many previous studies show that the surface morphology and microstructure of ultra-thin films highly depend on the deposition method and property of the substrates.
Many previous studies show that the surface morphology and microstructure of ultra-thin films highly depend on the deposition method and property of the substrates. [1−3] The study on the mechanism of growth and microstructure of ultra-thin films is of great importance, due to the interest in preparing the functional structures possessing unique physical and chemical properties. [3, 4] During the last decade, the nickel (Ni) ultra-thin films with characteristic microstructures have attracted a great interest because of its various anomalous properties [3−7] for technical applications.
Since 1996, Ye and co-workers have presented results on the growth of metallic atom depositions on the silicone oil surfaces by thermal vapour method. [8−15] Various metallic systems on the liquid substrates have been fabricated and the nucleation, diffusion and aggregation phenomenon of the metallic atoms are studied systematically. The formation process of the metallic aggregates as well as the continuous thin films on the liquid substrates may be described as a twostage growth model: [9] in the first stage, the deposited metallic atoms nucleate and form the compact clusters on the silicone oil surfaces. In the subsequent stage, the compact clusters diffuse and rotate randomly on the liquid surfaces by Brownian motion, and then the ramified aggregates are shaped. Finally a continuous film forms on the liquid substrates due to the growth and connection of these aggregates. Recently, it is found that both the compact clusters and the ramified metal aggregates are composed of crystal grains with the size of 10 nm. [16] However, the nickel (Ni) and aluminium (Al) systems on the liquid substrates are two exceptions and their growth mechanism still remains unclear because of several experimental barriers. [17, 18] In this Letter, we study the growth mechanism and microstructure of the Ni atomic aggregates on the silicone oil surfaces by atomic force microscopy (AFM). A series of experiments, in which the nominal film thickness is varied from 0.4 nm to 24.0 nm, are performed to study the Ni system in detail. Our results show that the formation process of the Ni aggregates still obeys the two-stage growth model. The branched aggregates formed on the oil surfaces are composed of Ni granularities with the sizes of the order of 10 nm and the mean size of the granularities decreases with the nominal film thickness. An interesting phenomenon that the Ni atoms and aggregates diffuse towards to the sample edge is found and two possible reasons are proposed.
The samples were prepared by thermal evaporation of 99.9% pure nickel in a vacuum of about 6 × 10 −4 Pa at room temperature 30 ± 5
• C. Commercial silicone oil (Dow Corning 705 Diffusion Pump Fluid) with a vapour pressure below 10 −8 Pa was painted onto a frosted glass surface, which was fixed 130 mm below the filament (tungsten). The oil substrate with an area of about 5 × 5 mm 2 had a uniform thickness of ≈ 0.5 mm. The deposition rate f = 0.05 nm/s and the nominal film thickness d = 0.4-24.0 nm, which were determined by a quartz-crystal balance located near the substrate.
After deposition, the samples were kept in the vacuum chamber (in vacuum condition) for time ∆t = 0.5 h and then removed from the vacuum chamber. The atomic aggregates were then separated from the oil substrate and washed carefully with acetone and ethanol. [16] After that, the AFM (Veeco DI 3000) measurements were performed immediately for the asprepared samples (it should be mentioned that the Ni samples with d < 8.0 nm could not be imaged successfully by the optical microscope because of its low resolution, therefore other measurements, e.g. AFM measurement, are necessary for studying the samples). The Ni granularity size Φ and its distribution were measured by the AFM software. It can be seen from Figs. 1(a) and 1(b) that the aggregates are composed of a large number of compact clusters and, as a whole, the morphology of the branched aggregates is quite similar to that of the other metallic aggregates on the silicone oil surfaces. [9] However, the width of the aggregate branches in Fig. 1 is not identical, which is resulted from the coalescence among the compact clusters. This coalescence phenomenon becomes more obvious in Fig. 1(c) . The response profile along the line in Fig. 1(c) is presented in Fig. 1(d) , which shows again that the Ni ramified aggregates exhibit considerable rough structures.
The experimental results shown in Fig. 1 indicate that the growth mechanism of the Ni aggregates approximately obeys the two-stage growth model. [9] In the first stage, the deposited atoms nucleate and form compact clusters. In the subsequent stage, the compact clusters diffuse and rotate randomly on the liquid surfaces by Brownian motion. Then the clusters adhere to each other when they meet and finally form the characteristic branched aggregates. Meanwhile, the coalescence process also occurs among some of the compact clusters in order to reduce the surface energy of the aggregates, therefore the branches of the aggregates shown in Fig. 1 exhibit different widths.
The Brownian motion is due to statistical fluctuation in their momentum by collisions with the oil molecules. According to the Einstein theory, [19, 20] the mean-square displacement ∆r 2 is given by ∆r 2 = 4kT F −1 ∆t for a two-dimensional motion, where k is the Boltzmann constant, T is the temperature, ∆t is time, F is the friction coefficient and the diffusion coefficient D ≡ kT F −1 . In our experiment, ∆t = 0.5 h, then from the average diffusion area shown in Fig. 1 , one can estimate the diffusion coefficient of the compact clusters, i.e., D = 10 −10 -10 −11 cm 2 /s, which is a very large diffusion speed for this huge clusters.
For Brownian motion of spherical particles containing n atoms in liquid, according to Stoke's law, [20] a friction coefficient F ∝ n 1/3 is expected. For Brownian motion of platelets on liquid surfaces, the friction is proportional to the contact area and one expects F ∝ n. Therefore one can figure out the large diffusion coefficient D of a single Ni atom or a small Ni granularity on the silicone oil surfaces. Fig. 3 , where one can see that with the increase of the nominal film thickness, the mean diameter Φ m drops quickly, which is quite different from that of the Ag and Au aggregates on the oil surfaces. [16] The formation of the Ni granularities is a process involving nucleation and growth, which depends on the deposition rate, deposition period and the nature of the substrate. During deposition, the concentration of ad-atoms increases with time first. These atoms migrate rapidly over the liquid surfaces and form small nuclei upon encounter, the nuclei grow gradually and then atomic granularities form by capturing a large number of neighbouring atoms in its capturing area. The granularities may grow in size continuously by coalescence with the ad-atoms until the balance of surface and body energies of the granularities. [12] We propose that with the increase of the deposition period, in other words, as d increases, more and more new nuclei form, which results in the increase of the granularity density ρ. The possibility of the coalescence between the granularities and ad-atoms depends on the density ρ and deposition rate f . The experimental result shown in Fig. 3 indicates that as d increases, the density ρ goes up rapidly and therefore the average number of the ad-atoms that each granularity can meet decreases, which finally results in the decrease of the mean diameter Φ m .
Figures 4(a) and 4(b) show the AFM images of the aggregates in the centre and edge region of the sample, respectively. An interesting phenomenon is that the surface morphologies in different regions are obviously non-uniform, i.e., the material density of the aggregates near the sample edge is larger than that in the central region of the sample. This inhomogeneous phenomenon can also be seen from Fig. 1 , where the material density (or surface coverage) does not linearly change corresponding to the nominal film thickness. Similar phenomena were also observed in other metallic systems on the silicone oil surfaces. [11, 21] The above result indicates that the deposition atoms and the aggregates on the liquid surfaces diffuse towards the sample edge. At the moment, we can not give the exact explanation for this anomalous phenomenon, however, two possibilities can be proposed here: (1) In our experiment, the oil substrate is painted uniformly onto a frosted glass surface. However, the thickness of the oil layer near the edge is generally thinner than that in the centre region of the sample. [11] Therefore the metallic atoms and aggregates may obtain less kinetic energy from the molecules in the thinner oil layer since their mobility is small. Thus, the ad-atoms and aggregates on the sample edge possess less mobility than that in the centre region, which results in the directional diffusion of the metallic material towards the sample edge. (2) Due to the heat radiation from the filament and the bombardment of the deposited atoms, thermal expansion of the silicone oil may occur and leads to the diffusion motion of the oil molecules on the oil surfaces towards the edges, [22] which is also helpful for the clusters and aggregates to migrate towards the sample edge. Both of the facts may result in the edge effect shown in Fig. 4 .
In summary, we have described the growth mechanism and microstructure of the Ni aggregates on the silicone oil surfaces. The growth mechanism of the Ni aggregates still obeys the two-stage growth model, however the branch width of the Ni aggregates is quite non-uniform, which is different from that of Au, Ag and Fe ramified aggregates formed on the silicone oil surfaces. Our AFM study shows that the Ni aggregates exhibit granular structure. The mean size of the granularities in the aggregates is of the order of 10 nm and it decreases with the nominal film thickness. It is found that the Ni aggregates perform a directional diffusion towards the sample edge, which should be related to the thermal expansion of the oil substrate and the decrease of the thickness of the oil layer near the sample edge.
Recently, we have experimentally observed that the growth process of the Al film on the silicone oil surfaces also follows the two-stage growth model. Therefore we may conclude that the two-stage growth model is available for all the metallic film systems on the liquid substrates.
